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ARTICLE INFO ABSTRACT

Keywords: Screening of cocrystal has been pr obea powerful approaclf to improve the solubility, dissolution rate and
Cocrystals even the bioavailability of poorly harmaceutical ingredient (API). Typically, the formation
Curcumin of cocrystal induces no change 1 profile of the APIs. However, so far, it is not clear
Bioavailability

whether a cocrystal would induce 1 profiles of API and, if so, which factors induce those

Cell cytotoxicity

. . changes. To clarify these i amide (cocrystal 1) and CUR-gallic acid (cocrystal 2) co-
Bovine serum albumin . . P . . . s

crystals with enhan : rmacokinetic profile for potential pharmaceutical application

were screened. We ffects of the type of hydrogen bonds occurred in cocrystal on the binding

between cocrystal and ibiting activity. The appearance of new peaks in the X-ray powder

t melting point in the differential scanning calorimetry (DSC) mea-
eneous, single phase formulations were obtained by forming cocrystals between
ratio. The results of Fourier-transform infrared and solid-state **C nuclear
well as density function theory simulation indicated that different hydrogen

g in 1son1cot1nam1de in cocrystal 1, and C=0---H—O hydrogen bond between phenol
g CUR and the C=O0 group in gallic acid in cocrystal 2, respectively. Interestingly, the different type
jons in cocrystal induced various binding pattern between cocrystal and BSA and cancer cell

stal for proteins varied with specific and concerted weak interactions in cocrystal, which would induce
s in the biological profiles of the parent drug. Furthermore, in vivo pharmacokinetics of CUR and CUR-
crystals in SD rats were evaluated through UPLC-MS/MS method. Compared with intact CUR, the
pharmacokinetics parameters Cpax, Tmaxs AUCo. and AUC,... of CUR-based cocrystals were improved
(P < 0.05); Chax increased 30-fold, Tpax shortened 6-fold, and AUC, . increased 6-fold. Overall, the present
results inferred different effects induced by cocrystals on a biologic system, not only bioavailability but biolo-
gical profiles.

therapeutic effectiveness of CUR is limited by the very low solubility
and poor bioavailability in the aqueous medium. Pharmaceutical co-
kind of plant polyphenols which is extracted crystals are supramolecular complexes which are formed from active

Curcumin (C

from the rhizome of Yurmeric [1]. It exhibits diverse pharmacological pharmaceutical ingredient (API) and the small molecule cocrystal for-
activities, such as anticancer, hypoglycemic effect, antiulcer, anti-in- mers (CCF) through non-covalent interactions involving hydrogen
flammatory and antibacterial [2,3]. The main advantage of CUR is bonds and van der waals forces [4,5]. Pharmaceutical cocrystals keep
being safe at high dose of 12g-day ™' in humans. Nevertheless, the the intact structure and pharmacological activities of API, while, create
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advantages on solubility, dissolution rates and even bioavailability and Di-ketone CUR
tableting characteristics [6-8]. Supramolecular complexes are pro- HO OH
mising solid form and have attracted considerable attention for im-
proving the physicochemical properties of APIs.

CUR has been reported to form cocrystals with several coformers H 3CO = X OCH 3
such as nicotinamide, isonicotinamide, piperazine, hydroquinone, 4, 4’-
bipyridine-N, N’-dioxide, resorcinol, pyrogallol, etc. [9-12]. For ex- © ©
ample, the intrinsic dissolution rate (IDR) of CUR-pyrogallol cocrystal
was 0.094 (mg/cmz)min’l, which increased 12-fold than that of intact EnOI CUR
CUR. It was also reported that a drug-drug coamorphous phase, namely HO OH
CUR-artemisinin coamorphous, exhibited a 2.6 times IDR than that of
intact CUR, and the pharmacokinetic characteristics of CUR were sig- =
nificantly improved (AUCq.12: 2.6 ughmL ™Y, Cpax: 1pgmL™1) [13]. H3CO N OCH3
Besides, CUR-folic acid coamorphous complex showed higher solubility 0O OH
than that of parent crystalline pure CUR [14].

In our previous study, the formation of CUR-piperazine coamor-
phous phase with improved dissolution rates was reported [15]. Pi- @) OH
perazine was chosen as co-former because it is commonly used phar- OH
maceutical intermediates and has piperazine ring with imino group AN NH 9
(hydrogen donor). Unfortunately, the introduction of piperazine into
the coamorphous phase dramatically lowered the Ty of amorphous
CUR. Although the CUR-piperazine coamorphous shows higher dis-
solution rate than that of single CUR, the lower T, limits pharmaceu-
tical application. Moreover, the investigation on interaction between . . . . i
CUR-piperazine coamorphous and BSA indicated that the binding affi- Isonicotinamide Gallic acid
nity between CUR and BSA changed with introduction of piperazine.
These results present important hint that the weak interaction between
API and coformer would induce changes in the biological profiles of the
APIs.

Particularly, it is not yet clear whether a cocrystal would be defjge
as a new chemical entity requiring full safety and toxicology as

Z—

0
= OH
OH

Fig. 1. Chemical stMictures of CUR isomers and CCFs.

just their parent physical mixture [16,17]. Fortunately, researchd daterials and methods
realizing the problem and giving concerns about performing ap

priate investigations before using of cocrystal to imp i -1. Mdterials

vailability. A. Dalpiaz et al. performed a systematic

indomethacin, its cocrystals, and their parent S CUR (purity = 65%) was purchased from Sigma (ALDRICH,
dissolution profile, the ability to permeate acré y Shanghai). Isonicotinamide was supplied by Jingchun Chemical
layers (NCM460), and oral bioavailability Reagents Factory (Shanghai, China). Gallic acid was supplied by J&K
that the biological effects of a cocryst Chemicals Ltd (Beijing, China). B-estradiol and fatty-acid-free bovine
different, such as the TEER value of serum albumin (BSA, 99% purity) lyophilized powder were both ac-
definite reason(s) for these pheno, quired from Sigma Co. Ltd. (ALDRICH, Shanghai). HT-29 cell was

rule of difference on cocrystal gati hysical mixture was purchased from ATCC cell library. A549 cells and Hepg cells were
not obtained. kindly provided by Hebei medical university, China. Methyl thiazolyl
In present study, we g -based cocrystal tetrazolium (MTT) was provided by Shanghai Golden Bank Biological
supramolecules to im; chemical properties of CUR. The Technology Co. Ltd. (Shanghai, China).
CUR- isonicotinamide -gallic acid (cocrystal 2)
cocrystals were sig ethanol-assisted grinding. 2.2. Experimental animals
Since CUR-isg i reported in the patent WO
2015/052 i method in ethyl acetate was Male specific pathogen-free Sprague-Dawley (SD) rats weighing
used, di —-— expected to produce novel struc- 250 *= 10 g were obtained from Shanghai Slake Laboratory Animal Co.
ture. The bns of CUR and CCFs are presented in Ltd. Animals were kept in an environmentally controlled breeding room
Fig. 1. The m3 i find out if the weak interactions (here (temperature: 295-297 K, relative humidity: 50 * 5%). Diet was pro-
commonly hydrdg onds) between CUR and CCF induce the changes hibited for 12h before the experiment, while water was taken
on the biological p &s of the CUR. Here, we focus on the relation- freely. All animal tests follow the guiding principles of the experimental
ships of the type of hydrogen bonds occurred in cocrystal and the animal management committee of Hebei Medical University.
binding between CUR-CCF cocrystal and BSA as well as cell inhibiting
activity. 2.3. Methods
It has been reported that oral CUR stays in the colon for a longer
time, more studies on CUR focus on colon cancer [19]. Furthermore, the 2.3.1. Preparation of cocrystal 1 and 2
extensive cytotoxic effect of CUR is one of the main aspects of its anti- The cocrystal samples were prepared by EtOH-assisted oscillatory
tumor effect [20,21]. In vitro cytotoxic experiments on various cell ball milling method using a laboratory-scale oscillatory ball mill (Mixer
lines have found that CUR inhibits tumor cells at concentrations ran- Mill GT200, Grindertech GmbH, Beijing, China) as described in Ref
ging from micromolar level to millimolar level [22,23]. In this study, [15]. Briefly, total weighted 500 mg of CUR/CCFs (isonicotinamide or
besides human colon cancer cells (HT-29), lung cancer cells (A549) and gallic acid) mixtures, with the molar ratios of 2:1, 1:1, and 1:2, re-
hepatoma cells (Hepg) were used to compare the inhibitory effects of spectively. The sample was ground in a 35 mL zirconia grinding jar with
CUR and its cocrystals, as a result, to detect the relationship of weak 1.5cm of zirconia grinding ball at a speed of 1800 rpm. During the
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grinding procedure, ethanol was added to the grinding jar to keep the isonicotinamide, gallic acid and cocrystals were at 430, 268, 265 and
mixture powder the slurry state. The product was collected after 30 min 430 nm, respectively (Figure was not shown). The maximum absorption
grinding and then dried at 313K in vacuum oven for 4-5 h. wavelengths of CUR dissolved from cocrystal displayed no obvious shift
comparing with that of single CUR, indicating the isonicotinamide and

2.3.2. X-ray powder diffraction (PXRD) gallic acid did not interfere with the determination of CUR, although
PXRD was performed on Bruker D2 Advance diffractometer (D2 there may be interaction weak forces between CUR and CCF in solution.

Phaser, Bruker Co., Germany) using Cu Ka radiation (A = 1.54187 A) An excess amount of the sample was added to 10 mL of 0.1 mol-L ! HCI
and Lynx eye detector. The patterns were collected from 5 to 40° (20) and 30% EtOH-H,O solution, respectively. After 24h shaking, the

with a step size of 0.05° (20) and time per step of 0.3s. suspension was filtered via 0.22 ym microfiltration membrane. The
filtered aliquots were diluted sufficiently, and then measured the ab-
2.3.3. Scanning electron microscopy (SEM) sorbance at the given Anyax of 430 nm. Each test was repeated thrice.

Cryo-field emission SEM was recorded on cryo-emission SEM system
(Hitachi S-4800, Japan). Single CUR powder or cocrystal was dissolved 2.3.8. Powder dissolution rate determinatig

in ethanol to form a suspension. Then, by dropping the resulting sus- The powder dissolution rate deterg R and its co-
pension onto the electric glass slice, the micromorphologies of single crystals were performed on ELECTR B di i pster system
CUR and its cocrystals were observed by SEM after the solvent volati- (Electrolab Technology, Co., i method in
lized. 0.1molL™' HCl and 3 respectively.
Approximately 30 mg of or its cocrystal

2.3.4. Thermal analysis equivalent to 30 mg of e dissolution tester
Differential scanning calorimetry (DSC) was recorded on DSC 214 that contained 900 i 0 + 0.5K. The paddle
(NETZSCH Company, Germany) equipped with IC40 refrigerated rotation speed w; . ed intervals, 5mL of dis-
cooling accessory and Proteus Analysis 7.0 data analyzer under the solution medi i replacement with the same
nitrogen atmosphere at a flow rate of 20 mL-min~'. Total weight of volume fre ceptor medium was filtered via
about 6 mg of CUR or cocrystal was sealed in an aluminum pan, which . ictofi mbrane, and then determined the con-
was subjected to thermal scanning at a heating rate of 20 K'min ™! in the utilizing UV-vis spectrophotometer. All

temperature interval of 298-573 K. Thermogravimetric (TG) experi-
ment was performed on a TG 209 gravimetric analysis instrument
(NETZSCH company, Germany) with a heating rate of 10 K'min~?,
scanning from 298 to 523 K under nitrogen purge at a flow rate of

20 mL min 1.

lation on optimization molecular interactions

tions were performed on cocrystal 1 and 2 to ob-
f the complex. The initial structures of CUR, iso-
d gallic acid were created from the crystal structure
n optimized at the DFT(B3LYP) theoretical level combined with
d,p) basis set using the GAUSSIAN-03 program package [24].
e geometries of the cocrystal 1 and 2 were constructed and optimized
at same computational level.

2.3.5. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra was performed on a Prestige-21 FT-IR spectro
(Shimadzu Co. Japan). The sample was scanned from 4
at an interval of 2cm™'. The total number of sc
resolution was 2cm ™!,
2.4. Fluorescence spectroscopic studies on the interaction of the cocrystals
2.3.6. 13C solid-state NMR spectroscopy (s with bovine serum albumin (BSA)
NMR(TD NMR)

13C ssNMR characterizations of s well as BSA stock solution was prepared by Tris-HCI buffer solution (mixing

their respective CCF, isonicotina 0.10mol'L. ™! HCl and 0.10 mol'L. ™! Tris base, then adjusting the pH
on a Bruker AVANCE III NM er, Germany) using value to 7.4). The final BSA stock solution with the concentration of
cross polarization pulse se 5 x 10~ ° mol'L.~ ! was kept in the dark at 4 °C. The stock solutions of
spinning (CP/MAS) pro . CUR and cocrystals with finally CUR equivalent concentration of
ratio was obtained by, 1 X 1073 mol-L.~ ! were prepared by dissolving the CUR or cocrystal in
referenced to the meth i ethanol. 1.0mL 5 X 10~ > mol-L ~* BSA solution and various volumes of
the chemical shifés CUR (or cocrystal) was added to the volumetric flask and the con-
experiment: . centrations of CUR were ranged from 2 x 10 %to 4 x 10~ > mol'L~ ! by
All prq p i i diluting with Tris-HCI buffer solution to volume. Then, the volumetric
ispec me ‘MO flask was shaken for 30 min at 298, 310, and 315K air bath, respec-
pulse len S and 5.2 s, respectively. The recycle tively. Fluorescence emission spectra were measured on a F-7000
delay was se B s, and the number of scan was set as 64. The in- spectrofluorophotometer (HITACHI, Japan) equipped with 1.0cm
version recovery e sequence was used to obtain the spin-lattice quartz cells. All fluorescent emission spectra were measured from 220
relaxation time T, erent samples. The measurement temperatures to 450 nm upon excitation at 280 nm with slit width of 3nm at 298,
were maintained as 25.0 = 0.5°C. 310, and 315K, respectively. Besides, the synchronous fluorescent
spectra of BSA based on various concentrations of CUR was scanned at
2.3.7. Apparent solubility determination AN = 15nm and A\ = 60 nm, respectively, with the emission and ex-
The apparent solubility experiments of single CUR and its cocrystals citation slit widths of 5/5 mm.
in 0.1 molL™! HCl and 30% EtOH-H,O solution were performed by
shake-flask method on SPH-200B air bath shaker (Shiping Tech. Co., 2.5. UPLC-MS/MS analysis
Ltd., Shanghai, China) in 310 = 0.5K air bath. Firstly, by plotting
absorbance vs concentration for known concentration solutions in The UPLC-MS/MS analysis was performed on liquid chromato-
0.1 mol'L.~! HCl and 30% EtOH-H,O solution, the calibration curves graphic system (Thermo, USA) with photodiode assay (PDA) detector
were obtained for CUR and two cocrystals using a UV-2450 UV-vis together with an automatic liquid chromatographic sampler and an
spectrometer (Shimadzu Co. Japan). The UV-vis spectra from 200 to auto injection system hyphenated to a PRBITRAP ELITE triple quad-
500 nm showed that maximum absorption wavelengths of single CUR, rupole mass spectrometer (Thermo, USA) equipped with an
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electrospray ionization (ESI) source. The analytical column Cig
(Hypersill, 100 mm x 2.1 mm, 1.9 um) was used. The gradient elution
conditions are listed in Table S1 (Supporting Information). The volume of
injection was 10 uL, with flow rate of 0.3 mL:min~".

For the operation in MS/MS mode, a mass spectrometer with an
orthogonal Z-spray ESI was used. The analyte infusion experiment was
performed using a Mode 22 multiple syringe pump (Harvard, Holliston,
MA, USA). During the analysis, the ESI parameters were set as follows:
source temperature: 623K, capillary voltage: 2.75kV for negative
mode, Sheath velocity: 35 L'min~?, auxiliary gas velocity: 10 L'min~*,
nebuliser pressure: 6.0 Bar, desolvation gas flow: 700 L:hr ™. The in-
terface heated and multi-reaction monitoring mode (MRM) was

adopted.
2.6. Pharmacokinetics in vivo

A set of 18 male SD rats were randomly divided into three groups,
namely, CUR group, cocrystal 1 group and cocrystal 2 group, respec-
tively. Each rat was given CUR or cocrystals with the amount of
200mgkg ™! by intragastric administration at a dose of 5mLkg™?.
100 uL of blood sample from the retrobulbar venous plexus was col-
lected into heparinized tubes at time intervals of 5, 15, 30, 45 min, 1, 2,
4, 6, 8, 12, 24h and immediately separated by centrifugation at
5000 rpm for 10 min. All processed samples were stored at 193K for
further analysis. Calibration standards were obtained in concentration
of 0.3, 1, 3, 10, 30, 100 and 300 ng'mL’1 of CUR. The mean pharma-
cokinetic parameters were calculated by WinNonlin software.

2.7. MTT assay

The inhibitory effects of CUR and its cocrystals on humant
cancer cells (HT-29), lung cancer cells (A549) and hepatoma
(Hepg) were evaluated by MTT assay. The cells were culture:
Dulbecco’s MEM medium supplemented with 10% bheatai

HT-29, A549 and Hepg cells were seeded
herent 96-well cell culture plates (5 x 10%

Subsequently, the culture mediu
carefully replaced by 0.5% 3-
tetrazoliu bromide (MTT)
Formazan crystals resulti

velength of 630
ch test was repeated at least

are was used to carry out statistical analysis and
variance analysis. ts with P < 0.05 showed that the difference
was statistically significant.

3. Results and discussion
3.1. Characterizations

3.1.1. PXRD

The poor water soluble and bioavailability of CUR provide the
motivation for discovering novel solid forms to improve its the aqueous
solubility. In our previous study, CUR-piperazine coamorphous phase,
which with improved dissolution rate, was successfully screened [15].
Piperazine was chosen as coformer because it is commonly used
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Fig. 2. PXRD patterns of the CUR-based cocrystals system (*: peaks for the new
crystalloid complex; |: peaks for single CUR) A: (a) CUR (b) Isonicotinamide (c)
CUR/isonicotinamide 1:2 (d) CUR/isonicotinamide 1:1 (e) CUR/iso-
nicotinamide 2:1; B: (a) CUR (b) Gallic acid (c) CUR/gallic acid 1:2 (d) CUR/
gallic acid 1:1 (e) CUR/gallic acid 2:1.

pharmaceutical intermediates and has piperazine ring with imino group
(hydrogen donor). However, this piperazine-induced coamorphous
phase showed extremely low Tg, which limited its pharmaceutical ap-
plication. Generally, in the screening of cocrystal, the selection of co-
formers should be as broad as possible to achieve more solid states.
Meanwhile, stand as candidate drugs, the coformers should be within
the “generally recognized as safe (GRAS)” list so that the screened co-
crystal is safe enough for human application. Thus, we choose herein
isonicotinamide and gallic acid as coformers owing to their desirable
hydrogen bonding donors and acceptors. Most importantly, iso-
nicotinamide and gallic acid have intrinsic pharmacological activity,
which has potential to produce drug-drug cocrystal [25].

The PXRD patterns of samples by varying the CUR/isonicotinamide
in 2:1, 1:1 and 1:2M ratios were shown in Fig. 2A. Assee-
n in pattern of sample with the CUR/isonicotinamide in 1:2 M ratio
(Fig. 2A-c), new peaks were observed at 26 = 8.3°, 13.0°, 27.1°, 28.5°,
which were apparently different from CUR or isonicotinamide, sug-
gesting appearance of new phase. Generally, along with the appearance
of new peaks, disappearance of peaks corresponding to starting mate-
rials should be also observed if cocrystal is formed. As a result, peaks at
18.1°, 21.1°, 23.7°, 25.5°, 26.1°, 27.4°, and 28.9° belong to intact CUR
and almost all peaks of isonicotinamide disappeared in PXRD pattern of
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sample in 1:2M ratio. However, when CUR was co-ground with iso-
nicotinamide in the molar ratios of 2:1 and 1:1, almost all peaks in-
dicative of CUR were observed and no obvious new peaks appeared
(Fig. 2A-d, e). Suggestively, the combination prepared by the EtOH-
assisted grinding method was cocrystal in nature when the ratio of
CUR/isonicotinamide was 1:2. Notably, the PXRD pattern of as-pre-
pared CUR-isonicotinamide cocrystal was different from that in patent
WO 2015/052568A2 [10]. In the absence of single crystal XRD of the
two cocrystals, it is difficult to give the difference on their structures. In
patent WO 2015/052568A2, cocrystal was produced in ethyl acetate in
refluxing condition at 80 °C, while, EtOH-assisted grinding method was
used in our work. Solid states with different structures were produced
using diverse screening method. For example, CUR-piperazine coa-
morphous phase was produced using EtOH-assisted grinding method in
our previous work [15], while, CUR-piperazine cocrystals with CUR/
piperazine in 2:1 and 1:1 M ratio were screened in refluxing condition
at 45 °C in methanol and acetonitrile solvents, respectively, in patent
WO 2015/052568A2. Not only the method but the solvent would have
effect on the structure of the cocrystal, sometimes, solvent is introduced
into the lattice of the cocrystal [26].

Likewise, PXRD pattern of CUR-gallic acid complexes with CUR/
gallic acid in 1:2 M ratio exhibited obvious new characteristic reflec-
tions other than parent CUR and gallic acid at 20 = 6.5°, 9.9°, 11.4°,
13.6°, 18.9°, 20.1° (Fig. 2B-c), however, not all new peaks appeared in
patterns of samples in 2:1 and 1:1 M ratios (Fig. 2B-d, e). It indicated
that a new CUR-gallic acid cocrystal was produced in 1:2 M ratio.

3.1.2. SEM analysis

SEM can be used as a supplementary technique to characterize the
formation of supramolecular new phases. The SEM images of CU
its cocrystals were presented in Fig. 3. As can be seen, crystallin
CUR appears hexagonal block-shape (Fig. 3A), while the morphol
cocrystal 1 was a long non-hexagonal irregular rod (Fig. 3B). Crysta
single galhc acid shows fibrous mlcroscoplc morphg

dence for the formation of cocrystal co
correspondingly.

3.1.3. Thermal analysis
The thermal stabilities o,

shown in Fig. 4. CUR, g
point peaks at 178.4,
viously, the meltiag

y of fusion of the cocrystal 1
.9 J-g~ 1) but lower than that of

of the two parent components upon
ikewise, the melting point of cocrystal 2 (174.8 °C)
was lower than ¥ of CUR and gallic acid (272.0 °C) (Fig. 4B), ac-
companied with th anging of enthalpy of fusion from CUR and gallic
acid (366.4 J-g™1) to cocrystal 2 (116.0 J-.g™1).

cocrystallizat

3.1.4. FT-IR spectroscopy

The formation of non-covalent forces such as hydrogen bonds be-
tween CUR and coformer in CUR supramolecular system can be ana-
lyzed by IR spectrum [15]. The overlaid IR spectra of cocrystal 1 system
are presented in Fig. 5A. The stretching vibrations of phenolic O—H and
C=0 of the CUR and N—H in isonicotinamide located at 3505, 1626
and 3368cm™ ', respectively. Briefly, the absorption peak at
3368 cm ™! in isonicotinamide shifted to 3339 cm ™! in cocrystal 1. The
IR vibrations of the hydrogen bonding acceptor and donor generally
shift to low wave numbers of 20-50 cm ™! before and after hydrogen
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bond formation [27]. The shift of N—H group in isonictinamide is ac-
cordance with this law. The vibration peak of C=0 in CUR showed no
obvious change before and after cocrystal 1 formation. However, based
on the movement of the vibration absorption of N—H in iso-
nicotinamide, we can preliminarily deduce that the hydrogen bond in
cocrystal 1 occurred between N—H group in isonicotinamide and cer-
tain hydrogen bond acceptor in CUR.

The IR spectra of cocrystal 2 system were shown in Fig. 5B. Gallic
acid showed characteristic absorption peaks at 1669cm™! and
3493 cm ! assigned to the carbonyl C=0 and O—H stretching vibra-
tion, respectively (Fig. 5B-b), which showed no obvious shift in co-
crystal 2. However, absorption peak of pheng i stretching in CUR
at 3505cm ! disappeared or overlaid

hydrogen bonds in
provide more inf
R-piperazine coamorphous
e chemical shifts for coamor-

e. The '3C CP-MAS ssNMR spectra of single CUR,
als are presented in Fig. 6. The corresponding '>C
re listed in Tables S2 and S3 (Supporting
be seen from Fig. 6A-a, the C9 and C11 in the CUR
e carbonyl C atoms of ketone and enol (§ ~186.4,
m), indicating existence both ketone and enol C atoms in the
structure of single CUR. However, for cocrystal 1, only one
arp peak (8 ~183.8 ppm) appeared in the spectrum (Fig. 6A-a, c),
provided information that the introduction of isonicotinamide stabi-
lized the di-keto structure and the two C=0 groups interacted with two
isonicotinamide molecules in cocrystal 1 with the ratio of CUR/iso-
nicotinamide 1:2. Moreover, owing to the conjugation effects of the
double C=O0 groups, the chemical shifts for C8 and C12, C7 and C13,
C4 and C14, C2 and C18 showed significant changes (Table S2). For
isonicotinamide molecule, briefly, the '>C chemical shift at 172.4 ppm
assigned to carbonyl C adjacent N—H shifted to 170.9 ppm by virtue of
bonding (Fig. 6A-b, ¢). In a conclusion, chemical shift of carbonyl C in
CUR and isonicotinamide provided additional characterization of new
solid phase cocrystal 1.

As for cocrystal 2, changes in ssNMR spectra showed some differ-
ence compare with cocrystal 1. The chemical shifts of C9 and C11 in
cocrystal 2 did not merge into one peak, but the peak positions changed
(8 ~186.4, 182.0 ppm shifted to 187.7, 183.3 ppm), then it may be
inferred that both ketone and enol C atoms still coexisted in cocrystal 2.
Obviously, the changes in the weak forces of C=O0 in cocrystal 2 were
different from that of in cocrystal 1. Moreover, the chemical shifts of C1
and C17 assigned to phenolic O—H in CUR shifted from 158.2 to
159.5 ppm in cocrystal 2, suggesting the formation of weak interactions
involving the phenolic O—H in CUR. However, the chemical shifts of
the C atoms in gallic acid showed no obvious shift before and after
cocrystallization (Table S3), for example, the upfield chemical shift of
carbonyl C atom was only 0.2 ppm. According to the analysis of IR
spectra, it is preliminarily confirmed that the hydrogen bonds was
produced between phenolic O—H in CUR and the C=0 group in gallic
acid cocrystal 2. 13C ssNMR spectra just gave the evidence that the
phenolic O—H in CUR participated in hydrogen bonds as donor. The
possible reason for nearly invariant chemical shift of C atoms in gallic
acid before and after formation of cocrystal is existence of intrinsical
hydrogen bond in gallic acid, that is, the C=0---H—O hydrogen bonds
exist in homogeneous dimer in gallic acid owing to the contribution of
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Fig. 3. Cryo-field

carboxyl group:
gallic acid, tj
eromeric g

lecular dynamics of various systems [29]. In order to discriminate the
molecular dynamics difference of CUR before and after formation of
cocrystals, the TD 1H NMR was used here to obtained the T; of different
samples as shown in Fig. 7. As a comparison, the physical mixtures of
CUR and CCFs were used. The T; values of CUR-isonicotinamide system
showed difference with 1.71s for CUR-isonicotinamide cocrystal,
whereas those of pure CUR and its physical mixture with iso-
nicotinamide were 1.61 and 1.47 s, respectively (Fig. 7A). In general, in
the solid state, the lower the molecular mobility, the longer the T; re-
laxation time [30]. The longer T; relaxation time of CUR-iso-
nicotinamide cocrystal (1.71s) comparing with its physical mixture
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(1.47 s) at ambient temperature suggested a lower molecular mobility,
which was due to the weak force between CUR and isonicotinamide in
cocrystal. However, such longer T; in cocrystal did not occur in CUR-
gallic acid system; T; values of cocrystal and physical mixture were
almost the same (1.73 s for cocrystal and 1.72 s for physical mixture) at
ambient temperature (Fig. 7B). The reason is that the gallic acid mo-
lecule has long T; relaxation time of 9.4 s (Figure not shown). Such long
T; value of gallic acid even induced prolonged T; in physical mixture of
CUR and gallic acid, which concealed decreasing of the molecular
mobility coming from the weak force in cocrystal. The dynamics dif-
ference between cocrystal and physical mixture was not enough to give
valid support on the interaction state in cocrystal for CUR-gallic acid
system because that CCF molecule has too long T; relaxation time.

The reasonable configurations for the cocrystals 1 and 2 were si-
mulated using the GAUSSIAN-03 program. The plausible models of the
two heterogeneous trimers are shown in Fig. 8. The simulating rea-
sonable configurations supported existence of above-mentioned hy-
drogen bonds deduced from IR and NMR spectra.



W. Pang, et al.

75
7.0
6.5
6.0
5.5 \
504
45
40 l
3.5

3.0 ‘
25

20 |
154 /1

1.0 /1
0.5
ood B T @
OS5-F——T 777 T T T 71
90 120 150 180 210 240 270

A 155 161

(c)

Heatflow exo up/mwW

—
300 330

Temperature/°C

Heatflow exo up/mwW

— L o oo
120 150 180 210 240 270 300 330 360

Temperature/°C

Fig. 4. DSC thermograms of the CUR, CCFs and it
Isonicotinamide (c) Cocrystal 1; B: (a) CUR (b)

3.2.1. Apparent solubility and
The solublhty of smgle d acetone media

. The solubilities

media were determine
crystalline CURg

difference on solubility between CUR
1 HCl with 0.1% sodium dodecyl sulfate
(SDS) (Fig. 9A) a as 30% EtOH-H,0 media (Fig. 9B) were used as
dissolution media, 1 ich they have higher dissolution rates. In those
two media, the two cocrystals showed improvement on dissolution rate
(p < 0.05). However, even with the help of SDS, the dissolution rate in
0.1 molL~! HCl was slower than that in EtOH-H,O media, which
consisted with the result of solubility determination. In 30% EtOH-H,O
media, the peak values were 58.69, 78.94, and 70.32% for single CUR,
cocrystal 1 and 2, respectively, and the corresponding tso values were
103.6, 23.0 and 31.3 min. The dissolution rate of cocrystal 1 was 5-fold
higher than that of single CUR (p < 0.05), suggesting a greater po-
tential in solid form development for CUR because of its faster dis-
solution performance. Moreover, the inverse correlation between the
melting point and solubility occurred in CUR and its cocrystals, that is,
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CUR, which has highest melting point (178.4 °C), showed lowest solu-
bility and dissolution rate, whereas, for cocrystal 1, performed lowest
melting point (155.0 °C) but highest solubility and dissolution rate.

3.2.2. Pharmacokinetic parameters

Aside from improving the solubility and dissolution rate, the even-
tual goal of cocrystal screening is to improve the bioavailability of an
API. The mean plasma concentration-time curves of CUR, cocrystal 1
and 2 after oral administration to rats are shown in Fig. 10, and the
relevant pharmacokinetic parameters are listed in Table S4.

A “single-peak” was observed in both curves, thereby indicating that
both CUR and its cocrystals followed the one compartment model. It is
clear from the result that the pharmacokinetic parameters Cpax, Tmax»
AUCy, and AUCy. of cocrystals were significantly improved
(P < 0.05) by cocrystallization (Table S4). For example, in the case of
cocrystal 1, Cpay increased about 30-fold (2.06 + 0.28 ngmL ™" for
single CUR and 64.87 + 26.79ngmL ™" for cocrystal 1), Tyax shor-
tened about 6-fold (1.59 + 1.00h for single CUR and 0.27 = 0.12h
for cocrystal 1), AUCy, raised about 7-fold than that of single CUR
(6.96 + 1.56nghmL~" for single CUR and 46.90 *+ 7.71 nghmL™!
for cocrystal 1).
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cocrystals with BSA

3.3.1. Fluorescence quenchi
As is well known, the

logical profile of drug
type of hydrogen_bonds

quenching [33], w
Burk double reciproc

ollow the Stern-Volmer Eq. (1) and Lineweaver-
1 Eq. (2), respectively.

F_ _
F_1+KSV[Q] = 1+K¢70[Q] a

log[(Fy — F)/F] = logK}, + nlog[Q] (2

where F and F, are the fluorescence intensity in the presence and ab-
sence of quencher, respectively. [Q] is the concentration of CUR. Kj, is
the Stern-Volmer dynamic quenching constant, a direct measure of the
quenching efficiency [34], and K, is the quenching rate constant of
biomolecule. K}, is apparent static binding constant and n is the average
number of binding sites per protein molecule. The temperature-
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dependent behavior of K, can be used to judge quenching mechanisms.

Used Stern-Volmer Eq. (1), the fluorescence quenching data at dif-
ferent temperatures (i.e., 298, 310 and 315 K) were adopted to analyze
the quenching mechanism in CUR and its crystals on BSA. The K, va-
lues obtained from Stern-Volmer plots of F,/F against CUR concentra-
tion were listed in Table S5. It can be seen, the K, values decreased
with temperature increasing, and the values of K, were greater than the
maximum diffusion impact quenching constant of 2 x 10'%s ™ mol !
[35]. Moreover, the K, and K, values of the samples were negatively
correlated with the temperature, which indicated that the quenching
mechanism of CUR and its cocrystals were all static quenching. How-
ever, the calculated values of K, for single CUR were different from
those of cocrystals, for example, quite higher than that of cocrystal 2. It
was suggested that the hydrogen bonding occurred in cocrystals in-
duced the change on the interaction between CUR and BSA.

3.3.2. Binding constant and thermodynamic parameters

The Lineweaver-Burk double reciprocal Eq. (2) was used to calcu-
late the binding constants and the number of binding sites of API with
BSA [36]. By using log[(Fp — F)/F] as the ordinate and log[Q] as the
abscissa, the slope n and intercept 1gK}, of the straight line are obtained
by linear fitting (Fig. 11). The values of the binding constants of CUR
and its cocrystal were listed in Table 2.

Based on the Kj, values, enthalpy change values (AH?), entropy value
(AS?) and the free energy change (AG®) of binding reaction of API and
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Table 1
Solubility of CUR and its comp;

Samples

30% ethanol
CUR 179 += 2.81
Cocrystal 1 77.1 = 3.11
Cocrystal 72.6 = 3.63

BSA can be ¢
(Table 2) [37]:

d by Van't Hoff Eq. (3) and Gibbs-Helmbholtz Eq. (4)

InK, = —AH®/RT + N8°/R 3

AG® = AH® — TAS® @

As can be seen in Table 2, K3, values showed an inverse correlation
with the temperatures for CUR and co crystal 1, confirming the static
quenching on BSA. However, the K, values of the cocrystal 2 increased
with the increase of temperature, suggesting a dynamic quenching
process on BSA. Combined with the result of K, above, we speculated
that the interaction between cocrystal 2 and BSA was the process of
static quenching accompanied by dynamic quenching.

Generally, there are four types of weak interactions between API
(quencher) and BSA biological macromolecules: hydrogen bonding, van

86

onds are marked using dashed lined) between CUR and CCFs in trimer for cocrystal 1 (A) and 2 (B).
t the DFT B3lyp/6-31**level.

der Waals, hydrophobic and electrostatic interactions [38]. We can use
the magnitude and sign of AH? and AS? to judge the types of force(s) in
API-BSA interaction, that is, negative AH? and AS? values suggest both
hydrogen bonds and/or van der Waals forces, while positive AH® and
AS? values indicate the presence of hydrophobic interactions. Ob-
viously, hydrogen bonds and/or van der Waals forces played a major
role in the binding of CUR and cocrystal 1 to BSA due to the negative
AH? and AS? (Table 2). Also, negative AH® and AS? indicated an exo-
thermic and enthalpy-driven binding reaction between CUR and BSA.
However, the positive AH® and AS? suggested the presence of hydro-
phobic interaction in the binding of cocrystal 2 to BSA.

The differences on K3, and type of weak interactions of CUR-BSA and
cocrystal-BSA indicated that the introduction of CCF changed the
binding manner of CUR to BSA. As evidenced by IR and ssNMR above,
different hydrogen bond occurred in cocrystal 1 and 2, namely C=
O-~H—N hydrogen bonds in cocrystal 1 and the O—H~O=C hydrogen
bond in cocrystal 2. Those mentioned above hydrogen bonds occurred
in solid state cocrystal supramolecules. When API-CCF cocrystal dis-
solves into API and CCF molecules in solution, the crystalline structure
is broken and some intermolecular weak forces lost. Speculation was
reasonable that, although intermolecular weak forces between API and
CCFs in solid state cocrystal were broken in solution, some new, similar
and more flexible intermolecular weak forces were rebuilt (vide infra).
For cocrystal 1, in solution, if the C=0 groups in CUR was involved in
formation of hydrogen bonds just same as in solid state, then, the
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terminal phenolic O—H or methyl C—H groups tended to form hydrogen
bond during the binding between biomacromolecule BSA. However,
with regard to cocrystal 2, if phenolic O—H groups in CUR participate in
formation of weak forces in solution, it was difficult for C=0 or methyl
C—H groups to bind with hydrogen bond acceptor and donor in BSA
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owing to the steric effect. As a result, hydrophobic interaction, other
than hydrogen bond in CUR-BSA binding reaction, occurred with the
introduction of gallic acid. We also found the same result in CUR-pi-
perazine coamorphous phase [15]. When CUR connected with piper-
azine through hydrogen bond occurred between C=0 on CUR and H-N
in piperazine, the binding profiles of CUR-BSA was different from that
of CUR-piperazine-coamorphous-BSA. More evidences showed that the
weak interactions between API and coformer in cocrystal/coamorphous
supramolecular complex affected its weak interaction with other pro-
tein molecules.

3.3.3. Conformational investigations
Synchronous fluorescence spectroscg

asing of sample concentra-
of tyrosine residues did not

cocrystal 1 showed a certain degree of blue shift,
peared red shift. The movement of the emission

the different shifts (blue shift for cocrystal 1 and red
cocrystal 2) of emission peak of the tryptophan residues, re-
e effect on the conformation of BSA.

3.4. Cytotoxicity test results

Plentiful evidences support CUR’s use in cancer prevention owing to
its anticarcinogenic and antiproliferative properties though various
action mechanisms, including inhibiting proliferation of colon cancer
cell lines (HT-29) by accumulating cells in G2-M phase [41], apoptosis
in NIH3T3 and leukemic cell line HL-60 [42] and through the genera-
tion of reactive oxygen species [43]. In this work, we selected three
kinds of cancer cells, including human colon cancer cells (HT-29), lung
cancer cells (A549) and hepatoma cells (Hepg), to perform the MTT
assays for CUR and its cocrystals. The cell inhibitions at different CUR
concentration after 24 h were presented in Figs. S2 and S3 and corre-
sponding ICsq values were listed in Table 3.

The resulting growth curves show that CUR possesses a dose-de-
pendent inhibitory effect on three kinds of cancer cells (Figs. S2 and
S3). While, it was found the inhibitory rate of CUR to HT-29 was best.
For cocrystal 1, the cytotoxicity to HT-29, A549 and Hepg cells showed
no statistical change compared with those of single CUR, confirming
that the cell cytotoxicity of the cocrystal 1 did not affect by the in-
troduction of isonicotinamide coformer. However, for cocrystal 2, the
results were somewhat complicated. Gallic acid, which is coformer in
cocrystal 2, is not a simple CCF, but has pharmacological activities,
such as anticancer, antiradical, anti-inflammatory and antioxidant [44].
So, we also performed MTT assay on gallic acid. MTT results indicated
that gallic acid showed cytotoxicity to HT-29, A549 and Hepg cells and
the Dbest inhibitory rate found to A549 cell
(ICso ~ 25.7 = 2.9 ug'mL™ 1Y), indicating differential sensitivity to dif-
ferent cell type (Figs. S2 and S3). However, for cocrystal 2, the cyto-
toxicity to HT-29 and Hepg cells was lower than that of single CUR at
higher CUR concentration (P < 0.05), while inhibitory rate to A549
cell showed no obvious change. These observations suggested that ne-
gative synergism action occurred in cocrystal 2. With introduction of

was
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(c)

nd its cocrystals interaction with BSA at (a) 298 K (b) 310K (c) 315K. Cgsp = 5 X 10~ ® molL. ™

solvent were provided in supporting information (Fig. S4). When API-
CCF cocrystal dissolves into API and CCF molecules in solution, the
crystalline structure is broken and some intermolecular weak forces
lost, the solution NMR shows different information compared with
ssNMR. The solution NMR spectra of cocrystals show all the peaks of
pure CUR and the chemical shifts show no obvious shift compared with
pure CUR, suggesting that the pure CUR is released from the cocrystal
structure in solution. However, chemical shifts of small molecule CCF,

Binding constant K, and thermodynamic parameters of the CUR and its cocrystal-BSA system at different temperatures.

Samples T/K Kb/(lo3 L-mol ™ 1) AHe/(kJmol - 1) AS"/(J-mol - 1<K1) AGe/(kJmol - 1)
CUR 298 10.0 —-22.7

310 3.4 —54.2 —105.7 —-21.5

315 3.3 -20.9
Cocrystal 1 298 9.2 —22.7

310 5.6 —43.9 -71.0 -21.9

315 3.3 -21.5
Cocrystal 2 298 3.9 —-20.3

310 5.5 41.3 206.6 —22.8

315 10.6 —-23.8
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Table 3 protein molecules/biological activity, this study highlights the im-
The ICs values of CUR, cocrystal 1, 2 and gallic acid against HT-29, Hepg and portance of performing appropriate investigations on cocrystal as a new
A549 cells (n=3, ¥ * S). chemical entity but not single API.

Cells ICso(ugmL™1)

Declaration of Competing Interest
CUR Cocrystal 1 Gallic acid Cocrystal 2

HT.20 306 + 3.4 253 + 2.9 491 + 2.4 361 + 2.4 The authors have declared no conflict of interest.

Hepg 349 + 3.1 34.3 + 2.6 40.2 * 2.8 385 + 2.5

A549 33.7 = 2.7 32.8 = 2.3 257 = 2.9 29.2 = 2.3 Acknowledgment

* P < 0.05 vs single CUR. The financial support for this work by the Education Department of
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